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ABSTRACT

The extent of linkage disequilibrium (LD) is an important factor in designing association mapping
experiments. Unlike other plant species that have been analyzed so far for the extent of LD, cultivated
potato (Solanum tuberosum L.), an outcrossing species, is a highly heterozygous autotetraploid. The favored
genotypes of modern cultivars are maintained by vegetative propagation through tubers. As a first step in
the LD analysis, we surveyed both coding and noncoding regions of 66 DNA fragments from 47 accessions
for single nucleotide polymorphism (SNP). In the process, we combined information from the potato
SNP database with experimental SNP detection. The total length of all analyzed fragments was .25 kb,
and the number of screened sequence bases reached almost 1.4 million. Average nucleotide poly-
morphism (u ¼ 11.5 3 10�3) and diversity (p ¼ 14.6 3 10�3) was high compared to the other plant species.
The overall Tajima’s D value (0.5) was not significant, but indicates a deficit of low-frequency alleles relative
to expectation. To eliminate the possibility that an elevated D value occurs due to population subdivision,
we assessed the population structure with probabilistic statistics. The analysis did not reveal any significant
subdivision, indicating a relatively homogenous population structure. However, the analysis of individual
fragments revealed the presence of subgroups in the fragment closely linked to the R1 resistance gene.
Data pooled from all fragments show relatively fast decay of LD in the short range (r2 ¼ 0.208 at 1 kb) but
slow decay afterward (r2 ¼ 0.137 at �70 kb). The estimate from our data indicates that LD in potato
declines below 0.10 at a distance of �10 cM. We speculate that two conflicting factors play a vital role in
shaping LD in potato: the outcrossing mating type and the very limited number of meiotic generations.

THE development of new cultivars is a lengthy pro-
cess that can be expedited if the genes for de-

sirable traits are mapped and tagged with molecular
markers. Recently, the association mapping method
became an important tool in plant genetics. The method
exploits observed biodiversity in existing material with-
out the need to develop new mapping populations. The
association mapping method was successfully applied
to map genes in several plant species, including po-
tato (Gebhardt et al. 2004; Simko 2004; Simko et al.
2004a,b). The power and resolution of association map-
ping depends on the extent of linkage disequilibrium
(LD) in mapping populations. LD is characterized as
the nonrandom association of alleles at different loci
and can be affected by most of the processes observed
in population genetics, including mating pattern,
frequency of recombination, and population history
(Flint-Garcia et al. 2003; Rafalski and Morgante

2004). From plant species, LD has been studied most
extensively in Arabidopsis (Nordborg et al. 2002) and
maize (Remington et al. 2001; Tenaillon et al. 2001;

Ching et al. 2002); however, little is known about LD in
potato.

So far, almost all of the LD studies on plants have been
performed on highly homozygous material developed
by repeated selfing. Unlike other investigated plant
species, cultivated potato (Solanum tuberosum L.) is a
highly heterozygous autotetraploid (2n ¼ 4x ¼ 48) with
complex polysomic inheritance. Although the species is
self-compatible, Simmonds and Smartt (1999) classify
potato as an outcrosser because it suffers from severe
inbreeding depression that prevents development of ho-
mozygous lines. The heterogenous genotype of modern
cultivars is fixed by vegetative propagation through
tubers. Due to the narrow genetic base (Love 1999)
and vegetative mode of propagation, most of the
cultivars are highly related to each other (Simko 2004)
and are separated by only a few meiotic generations
(Gebhardt et al. 2004). Conversely, wild Solanum is a
highly diverse group of species with reference to their
ploidy and mating type.

Single nucleotide polymorphism (SNP) is a single-
point mutation in which one nucleotide is substituted
with another at a particular locus. To discover SNPs in a
specific DNA region, several representative genotypes
must be sampled from the target population and their
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sequences compared. SNPs are markers of choice in asso-
ciation studies owing to their abundance, amenability to
high-throughput screening, and usually biallelic status.
Recently, Rickert et al. (2003) screened a part of the
potato genome for the presence of SNPs that could be
used for tagging pathogen resistance loci. They applied
pyrosequencing and the single nucleotide primer ex-
tension method to detect polymorphic loci in a panel of
17 tetraploid and 11 diploid genotypes. All sequences
from this study, including SNPs position, were deposited
into the publicly available PoMaMo database (Meyer

et al. 2005).
Here we report the results from initial assessment of

LD in potato. To estimate the extent of LD, we surveyed
loci that include both coding and noncoding regions of
the potato genome. In the process, we combined avail-
able information from the PoMaMo database with ex-
perimental SNP detection. Our goal was to provide
initial information about LD pattern in potato that
would help in prospective association studies.

MATERIALS AND METHODS

Plant material: A set of 47 potato accessions was analyzed for
the presence of nucleotide variation. This set consisted of 1
monoploid, 17 diploid, and 29 tetraploid accessions (Table 1).
Most of the accessions originated from S. tuberosum, but the
presence of other Solanum species (S. berthaultii, S. chacoense,
S. kurtzianum, S. phureja, S. tarijense, S. vernei, S. yungasense) is
evident in the known pedigrees. Monoploid and diploid
accessions included in the analysis represent material used
in the resistance-breeding programs; tetraploid accessions
correspond to diversity of cultivated potato (S. tuberosum).
The analyzed set also includes major genetic contributors of
the germplasm for prominent cultivars (Love 1999).
Detection of nucleotide variation: To assess the polymor-

phisms in potato, 66 fragments distributed across all potato
chromosomes were surveyed. SNPs were detected experimen-
tally by sequencing or in silico by analyzing potato sequences
deposited in the PoMaMo database (Meyer et al. 2005).
Sequences from potato accession cited by Rickert et al.
(2003) in Table 1 originate from the online database; se-
quences from all other accessions were generated in our
laboratory.

Total genomic DNA was extracted from fresh in vitro plants
using the DNeasy plant mini-prep kit (QIAGEN, Valencia,
CA). Primers and conditions to amplify DNA fragments were
the same as described in the PoMaMo database. The StVe1
locus was amplified according to specifications in Simko et al.
(2004b). PCR products were sequenced directly or cloned with
the TOPO TA cloning kit (Invitrogen, Carlsbad, CA) first, if
necessary. Direct sequencing of PCR products was carried in
the absence of insertions and deletions (indels). When indels
were present, PCR amplicons were cloned and 12 colonies/
tetraploid accession or 4 colonies/diploid accession were
sequenced (Simko 2004). Amplicons from the monoploid
(2n ¼ 1x ¼ 12) accession were used to identify DNA fragments
containing paralogs, and such fragments were excluded from
further data analysis. Nucleotide variations detected experi-
mentally and in silico were then combined and analyzed with
PolyBayes SNP detection software (Marth et al. 1999). To
discern true allelic variations from sequencing errors, Poly-
Bayes considers alignment depth, the base quality, and base

composition to calculate probability that the sequences
represent true variants. This approach also helps eliminate
PCR errors, unless they are occurring systematically in the
exact same DNA region. Sequence variants were considered to
be true SNPs when the PolyBayes probability score exceeded
0.99. Since all singletons had scores ,0.99, they were excluded
from linkage disequilibrium analysis. Similarly, insertions and
deletions were observed, but not used in data analyses.
Data analysis: The level of genetic variation at the nucleo-

tide level was estimated as nucleotide polymorphism (u,
Watterson 1975) and nucleotide diversity (p, Tajima
1983). Watterson’s u is based on the number of segregating
sites, while Tajima’s p is based on the pairwise differences
between sequences in the sample. To test the neutrality of
mutations, we employed Tajima’s D test (Tajima 1989) that is
based on differences between p and u. Haplotypes in each
fragment were identified from the cloned and sequenced PCR
products or inferred with Haploview software (Barrett et al.
2005) if amplicons were sequenced directly.

Surveyed fragments originated from RFLP markers, BAC
library insertions, and known genes for which sequences were
available in the PoMaMo database in March 2005. The average
insert size in the BAC library is �70 kb and surveyed fragments
corresponded to sequenced insert ends (Rickert et al. 2003).
Fragments were included in the data analysis if sequence
information for all alleles was available from at least 10
different accessions. Description of individual fragments and
their positions on the potato molecular linkage map is avail-
able in the PoMaMo database; StVe1 is described in Simko et al.
(2004b).

To identify fragments coding functional sequence, all frag-
ments were compared with the existing Solanaceae expressed
sequence tag (EST) and plant protein databases (NCBI: http://
www.ncbi.nlm.nih.gov; SGN: http://www.sgn.cornell.edu; and
TIGR: http://www.tigr.org). The region was considered a
putative coding region if the scores from the EST (blastn)
and protein (blastx) query were at least 200 and 100,
respectively.

Chromatograms were viewed and aligned with BioEdit
(Hall 1999) and Clustal X (Thompson et al. 1997). Analyses
of genetic variation were carried out using DnaSP sequence
polymorphism software (Rozas and Rozas 1999). Linkage
disequilibrium (r2 and D9) between two loci in the genome was
calculated with Haploview (Barrett et al. 2005). In five cases,
three different alleles per locus were detected in a few ac-
cessions. Since Haploview cannot handle this type of data,
the loci were ‘‘diploidized’’ and the least frequent allele was
discarded. Decay of LD with distance was estimated from a
logarithmic trend line fit to the data (Hamblin et al. 2004;
Hyten 2005). Population structure was evaluated using
probabilistic statistics implemented in the program Structure
(Pritchard et al. 2000). Distances between surveyed loci were
calculated from their respective positions on the molecular
linkage map in the PoMaMo database (http://gabi.rzpd.de).

RESULTS

Sequence polymorphism: To detect DNA sequence
polymorphisms we surveyed 66 fragments with length
(including indels) in a range between�100 and�1100 bp.
Three-quarters of the fragments were between 250
and 650 bp long, 15% were ,250 bp, and 10% were
.650 bp. Due to either failure of primers to amplify
product or missing data in the PoMaMo database, not all
accessions were always informative; therefore, the sam-
ple size for individual fragments differs. The total length
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of all analyzed amplicons was .25 kb, and the number
of screened sequence bases reached almost 1.4 million
(Table 2). In total, we detected 1145 sequence variants,
of which �95% were nucleotide substitutions and
the remaining 5% were indels. The most frequently
observed types of nucleotide substitutions were biallelic

transitions (C 4 T, A 4 G) followed by biallelic trans-
versions (A 4 T, G 4 T, A 4 C, G 4 C). The tran-
sition/transversion (TI/TV) ratio was close to 1.5,
almost three times higher than would be expected if all
nucleotide exchanges happen with the same frequency.
On average, one (biallelic) SNP was observed every

TABLE 1

Accessions used in the SNP and LD analysis

Accession Ploidy Pedigree Reference

1-3/84 13 Solanum phureja Varrieur (2002)
B11-A 23 S. berthaultii Bonierbale et al. (1994)
BCT-61 23 S. berthaultii, S. tuberosum Bonierbale et al. (1994)
DG81 23 S. chacoense, S. tuberosum, S. yungasense Rickert et al. (2003)
DG83 23 S. chacoense, S. tuberosum, S. yungasense Rickert et al. (2003)
G87 23 S. kurtzianum, S. tarijense, S. tuberosum, S. vernei Rickert et al. (2003)
HH1-9 23 S. tuberosumb Bonierbale et al. (1994)
M200-30D 23 S. berthaultii, S. tuberosum Bonierbale et al. (1994)
P3 23 S. tuberosumb Rickert et al. (2003)
P6/210a 23 S. tuberosumb Rickert et al. (2003)
P18 23 S. tuberosumb Rickert et al. (2003)
P38 23 S. tuberosumb Rickert et al. (2003)
P40 23 S. tuberosumb Rickert et al. (2003)
P41 23 S. tuberosumb Rickert et al. (2003)
P50 23 S. tuberosumb Rickert et al. (2003)
P54 23 S. tuberosumb Rickert et al. (2003)
Sph 23 S. phureja Rickert et al. (2003)
USW22-30 23 S. tuberosumb Bonierbale et al. (1994)
Atlantic 43 S. tuberosum Named variety
B0718-3 43 S. tuberosum USDA breeding line
Bintje 43 S. tuberosum Named variety
Cherokee 43 S. tuberosum Named variety
Desiree 43 S. tuberosum Named variety
Katahdin 43 S. tuberosum Named variety
Kennebec 43 S. tuberosum Named variety
NKA1 43 S. tuberosumc Rickert et al. (2003)
NKA2 43 S. tuberosumc Rickert et al. (2003)
NKA3 43 S. tuberosumc Rickert et al. (2003)
NKA4 43 S. tuberosumc Rickert et al. (2003)
NKA5 43 S. tuberosumc Rickert et al. (2003)
NKA6 43 S. tuberosumc Rickert et al. (2003)
NKA7 43 S. tuberosumc Rickert et al. (2003)
NKA8 43 S. tuberosumc Rickert et al. (2003)
Pontiac 43 S. tuberosum Named variety
Russet Burbank 43 S. tuberosum Named variety
SR1 43 S. tuberosumc Rickert et al. (2003)
SR10 43 S. tuberosumc Rickert et al. (2003)
SR11 43 S. tuberosumc Rickert et al. (2003)
SR12 43 S. tuberosumc Rickert et al. (2003)
SR2 43 S. tuberosumc Rickert et al. (2003)
SR3 43 S. tuberosumc Rickert et al. (2003)
SR4 43 S. tuberosumc Rickert et al. (2003)
SR5 43 S. tuberosumc Rickert et al. (2003)
SR6 43 S. tuberosumc Rickert et al. (2003)
Superior 43 S. tuberosum Named variety
USDA 41956 43 S. tuberosum USDA breeding line
USDA 396-56 43 S. tuberosum USDA breeding line

a Accession used for the BAC library construction.
b Dihaploid material (2n ¼ 2x ¼ 24) derived from tetraploid S. tuberosum. The dihaploids as well as most of the

diploid potato species are self-incompatible.
c Exact pedigree information is not available, but the accession likely originates from an S. tuberosum cross.

Linkage Disequilibrium in Potato 2239



24 bp or every 23 bp if rare tri- and tetra-allelic sub-
stitutions are considered.

In general, nucleotide polymorphism (u ¼ 11.5 3

10�3) and diversity (p ¼ 14.6 3 10�3) were high in the
analyzed part of the potato genome. The values for
polymorphism ranged from 1.9 3 10�3 to 29.3 3 10�3

and for diversity from 1.63 10�3 to 45.23 10�3 (Figure 1,
A and B). Both nucleotide polymorphism and diversity
was higher in noncoding than in coding regions. Within
coding regions, synonymous levels of diversity were
more than twice as common as nonsynonymous levels
of diversity (Table 2). Tajima’s test of neutrality of
mutations revealed a significant departure from neutral
expectations in 9% of the analyzed fragments (Figure
1C). All of these fragments showed positive D values
indicating a deficit of low-frequency alleles relative to
expectation. The mean value of D for all fragments
was 0.5, but the value was generally higher in non-
coding than in coding regions (0.9 and 0.2, respectively,
Table 2).

Linkage disequilibrium: LD between two loci in a
genome can be estimated by a number of statistics, of
which the most common are r2 and D9. Both statistics
have a range from 0 (equilibrium) to 1 (disequilib-
rium). Although neither r2 nor D9 performs extremely
well with small sample sizes, we used the r2 statistic, as it is
indicative of how the marker might correlate with the

allele of interest (Flint-Garcia et al. 2003). Since most
of the fragments are ,1 kb long, the analysis reveals
disequilibrium patterns at a short distance, #1 kb. The
r2 value pooled over the entire data set shows a gradual
decline in LD as a function of distance and reaches a
value of �0.21 at 1 kb (Figure 2A). To observe decay
of LD over distances .1 kb, we calculated r2 between
polymorphic loci detected in different fragments, but
originating from the same BAC clone. Since the average
insert size in the BAC library is �70 kb (Rickert et al.
2003) and surveyed fragments corresponded to insert
ends, an approximate distance between two loci within
the same BAC clone can be calculated. In addition, the
chromosomal location of all analyzed fragments is
known (PoMaMo database) and therefore distance (in
centimorgans) between two polymorphic loci from dif-
ferent BAC clones can be inferred. Average r2 between
two loci separated by �70 kb was 0.14, which is sub-
stantially smaller than average values detected for the
short-range (#1 kb) LD (0.38). Additional analyses
showed progressive decay of LD, and loci separated by
.50 cM had an r2 value of 0.08 only. The lowest LD was
observed between unlinked loci from different chro-
mosomes (r2 ¼ 0.06, Figure 2B).

Population structure: We did not observe population
stratification in the surveyed set of accessions when all
DNA fragments were included in the analysis together

TABLE 2

Estimates of nucleotide variation

Parameter Value Frequency

No. of loci screened 66
Total length of amplicons in base pairs 25,138
No. of bases of sequence screened 1,397,461
No. of all sequence variants 1,145 1/22 bp
No. of indels 57 1/441 bp
No. of nucleotide substitutions 1,088 1/23 bp
No. of biallelic nucleotide substitutions 1,055 1/24 bp
Transitions/transversions (TI/TV) ratio 1.48
No. of triallelic nucleotide substitutions 30 1/838 bp
No. of tetra-allelic nucleotide substitutions 3 1/8379 bp
Nucleotide polymorphism (u 3 10�3), mean 11.5
Nucleotide polymorphism (u 3 10�3), coding region 10.1
Nucleotide polymorphism (u 3 10�3), nonsynonymous level of diversity 6.3
Nucleotide polymorphism (u 3 10�3), synonymous level of diversity 14.9
Nucleotide polymorphism (u 3 10�3), noncoding region 11.9
Nucleotide polymorphism ratio, coding/noncoding 0.85
Nucleotide polymorphism ratio, nonsynonymous/synonymous 0.42
Nucleotide diversity (p 3 10�3), mean 14.6
Nucleotide diversity (p 3 10�3), coding region 11.2
Nucleotide diversity (p 3 10�3), nonsynonymous level of diversity 9.3
Nucleotide diversity (p 3 10�3), synonymous level of diversity 18.0
Nucleotide diversity (p 3 10�3), noncoding region 15.8
Nucleotide diversity ratio, coding/noncoding 0.71
Nucleotide diversity ratio, nonsynonymous/synonymous 0.52
Tajima’s D, mean 0.5
Tajima’s D, coding region 0.2
Tajima’s D, noncoding region 0.9
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(Figure 3A). Similar results were obtained when each
chromosome was analyzed separately. The only case
of evident population structure was detected in the
BA121o1-T7 BAC clone when stratification analysis was
carried on individual fragments (Figure 3B).

DISCUSSION

Nucleotide variation: There is a substantial level of
variation in fragments that were included in this study.
Nucleotide substitution in potato—1 SNP/23 bp in this
study and 1 SNP/21 bp detected by Rickert et al.
(2003)—translates into �1 SNP/87 bp (�1/u) between
pairs of randomly selected sequences. This level of
polymorphism is higher than was observed in many
other cultivated plant species. For example, there is 1
SNP/60 bp in aspen (Ingvarsson 2005), 104 bp in
maize (Tenaillon et al. 2001), 130 bp in sugar beet
(Schneider et al. 2001), 232 bp in rice (Nasu et al.
2002), 435 bp in sorghum (Hamblin et al. 2004), and
1030 bp in soybean (Zhu et al. 2003). When potato
nucleotide polymorphism (u) and diversity (p) are
compared with other crops where both coding and
noncoding regions were analyzed, total polymorphism
in potato (u ¼ 11.5 3 10�3) is similar to that in maize
(9.6 3 10�3, Tenaillon et al. 2001), but �12-fold larger

than that in soybean (0.97 3 10�3, Zhu et al. 2003). Sim-
ilarly, the total nucleotide diversity (p ¼ 14.6 3 10�3) in
potato is larger than that in the sugar beet (7.6 3 10�3,
Schneider et al. 2001), maize elite lines (6.3 3 10�3,
Ching et al. 2002), and soybean (1.25 3 10�3, Zhu et al.
2003). Although definitively not all, at least a part of
such high polymorphism in potato may be explained by
mating system. It has been observed before that out-
crossing species have higher levels of sequence variation
than selfing species (Pollak 1987). For example,
Baudry et al. (2001) found that self-incompatible
Lycopersicon species are up to 40 times more variable
than self-compatible species. Similarly, nucleotide vari-
ation was substantially reduced in self-pollinating Leav-
enworthia species (Liu et al. 1999). Bamberg and
del Rio (2004) compared four wild Solanum species
for level of genetic diversity on the basis of evaluation of
RAPD markers. Outcrossing diploid species had sub-
stantially greater genetic diversity than both tetraploid
and diploid selfing species. Even higher diversity was
observed in outcrossing tetraploid species, suggesting
that not only mating type but also ploidy plays a role in
population diversity.

The ratio of transitions to transversions in potato
(1.48) was on par with sugar beet (1.63, Schneider et al.
2001) but larger than in soybean (0.93, Zhu et al. 2003).

Figure 1.—Distribution of (A) nucleotide polymorphism (u 3 10�3), (B) nucleotide diversity (p 3 10�3), (C) Tajima’s D, and
(D) linkage disequilibrium (r2) within 100 bp (LD100) in the surveyed fragments.
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Assuming complete randomness of mutations, the
expected TI/TV ratio would be 1:2 or 0.5. A clear bias
toward transitions indicates that each type of transitional
change (purine 4 purine, pyrimidine 4 pyrimidine) is
produced almost three times more often than each type
of transversional change (purine 4 pyrimidine).

The ratio of nucleotide diversity in coding and non-
coding sequences (0.71) was higher than that observed
in Arabidopsis (0.38 calculated by Zhu et al. 2003 from
other experiments), soybean (0.45, Zhu et al. 2003), and
maize (0.65, Tenaillon et al. 2001). It is possible that
the higher ratio observed in potato is indicative of
regulatory or splicing functions of noncoding perigenic
sequence (Cargill et al. 1999). Another plausible ex-
planation is that sorting of surveyed sequences into the
coding and noncoding regions in silico was not always
accurate, leading to an increased ratio. To test accuracy
of the sorting, the in silico approach was applied on
known functional genes surveyed in this study. All of the
tested fragments were correctly classified, indicating
that the method identifies coding regions well. Con-
versely, we cannot dismiss the possibility of false-positive
results, although the combination of two threshold
values (200 for blastn and 100 for blastx) should reduce
misclassification of the noncoding regions.

In the coding region of analyzed fragments, we ob-
served a relatively high frequency of synonymous muta-
tions when compared to nonsynonymous mutations.
The ratio between nonsynonymous and synonymous
polymorphism (0.42) suggests a natural selection that
eliminates mutations resulting in deleterious amino

acid replacement. This ratio is close to 0.38 observed in
soybean (Zhu et al. 2003), 0.34 in both Arabidopsis
(calculated from Olsen et al. 2002 by Zhu et al. 2003)
and the maize Dwarf8 gene (Thornsberry et al. 2001),

Figure 2.—Decay of linkage disequilibrium (r2) as a function of distance between two polymorphic sites. Pooled data from all
surveyed fragments were used to estimate the (A) short-range (#1 kb) and (B) long-range linkage disequilibrium. Note that dis-
tances for the long-range LD are in kilobase pairs (kb) and centimorgans (cM). The last column indicates LD between polymor-
phic loci from different chromosomes.

Figure 3.—Inferred population structure for the set of po-
tato accessions. (A) Results based on SNPs from all surveyed
fragments. (B) Results based on SNPs from the BA121o1-T7
fragment only. Q statistics indicate the proportion of an acces-
sion’s genome that belongs to the first of two possible sub-
groups (K ¼ 2).
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but considerably higher than 0.29 in aspen (Ingvarsson
2005), 0.26 in sorghum (Hamblin et al. 2004), or 0.23
in maize chromosome 1 (Tenaillon et al. 2001). The
ratio of nonsynonymous to synonymous polymorphism
observed in potato suggests a relatively low level of
purifying selection in comparison with other plant
species. This may be due to the autotetraploid nature
of cultivated potato, in which deleterious alleles are
masked by the extra genomes. We found a strong cor-
relation (r ¼ 0.91, P , 0.001) between the synonymous
and nonsynonymous levels of diversity in individual
fragments. This correlation may be caused by dissimilar
mutation rates in the surveyed fragments.

To test the neutrality of mutations and to provide
information about possible population structure
Tajima’s D was calculated across all surveyed fragments.
The overall D value was relatively high (0.5), although
not significant. Positive D indicates a deficit of low-
frequency alleles relative to expectations. This could be
due to a population bottleneck, population subdivision,
or balancing selection (Ching et al. 2002). The value in
potato is between those detected in sorghum (0.30,
Hamblin et al. 2004) and soybean (1.08, Zhu et al.
2003), both of which show a significant bottleneck in
their population history. To eliminate the possibility
that elevated D value occurs due to population subdi-
vision, we assessed population structure with the prob-
abilistic statistic suggested by Pritchard et al. (2000).
When SNPs from all chromosomes were included into
the analysis, no significant subdivision was observed
(Figure 3A) indicating a relatively homogenous popu-
lation. However, the analysis of individual fragments
revealed the presence of two separate subgroups in
BA121o1-T7 (Figure 3B). Perhaps, because of popula-
tion subdivision, this fragment has the largest D value
(3.2) of all surveyed fragments (Figure 1C). When
Tajima’s D was calculated separately for the two sub-
groups the value decreased to�0.2 and�0.4, respectively,
providing additional evidence of population structure
in this fragment. Examination of the two subgroups
indicated that one of them includes accessions with
the R1 gene for race-specific resistance to Phytophthora
infestans, while the other one contains accessions with-
out R1. It was observed previously that the BA121o1
clone is located in the R1 gene area (Ballvora et al.
2002). Interestingly, polymorphism of the BA121o1-T7
fragment is 20-fold smaller among accessions with
the resistance gene than among those that do not carry
the gene. It appears that the BA121o1-T7 fragment
in the first group is under strong selective pressure. The
selective pressure can target the fragment either directly
or indirectly through genetic association with the R1
gene. However, information about pedigree and resis-
tance response is too limited to make a reliable conclusion
regarding this hypothesis.

Linkage disequilibrium: Mating system influences
population size and effective rate of recombination in

plants. Even if selfing species may have an increased
recombination rate per meiosis, selfing increases ho-
mozygosity, thereby limiting the number of heterozy-
gotes that can be shuffled by recombination. For this
reason, selfing dramatically reduces the effective re-
combination rate (Nordborg 2000) and LD in pre-
dominantly selfing species generally extends over a
longer physical distance. Authors studying selfing spe-
cies observed LD extending for .150 kb in Arabidopsis
(Nordborg et al. 2002), �100 kb in rice (Garris et al.
2003), and .50 kb in soybean (Zhu et al. 2003). Con-
versely, LD in outcrossing maize (Remington et al. 2001)
and aspen (Ingvarsson 2005) declines to a negligible
level (r2 , 0.1), usually within 1 kb. Extent of LD in
potato appears to be between these two groups; r2 at 1 kb
was 0.208 and declined to 0.137 at physical distance of
�70 kb. It seems that after an initial relatively fast
decline, decay of LD slows and is not as dramatic as in
some other outcrossing species. This could be because
of the vegetative mode of propagation that leads to a
very limited number of meiotic generations separating
S. tuberosum accessions. When Gebhardt et al. (2004)
compared genotypes from the German potato GenBank
they found that almost 40% of the accessions were sep-
arated from each other by only one meiotic generation.

However, LD can also be affected by origin of the
analyzed population. Hyten (2005) compared four
different soybean populations on level of LD decline.
While in the domesticated Asian Glycine max population
LD did not decline along the 500-kb sequenced region,
the wild G. soja population had large LD decline with LD
block size averaging 12 kb. Comparable observations
were made in maize (Tenaillon et al. 2001) and aspen
(Ingvarsson 2005). It would be interesting to make a
similar comparison in potato. There is enormous
variability in ploidy, mating type, and effective popula-
tion size in wild species, primitive cultivated species, and
modern cultivated varieties. Unfortunately, the present
set does not allow such comparison, since most of the
accessions originate from S. tuberosum and also because
the origin of many of the accessions is not completely
known. We hypothesize that differences in LD extent
among various potato populations are considerable. For
example, S. tuberosum is a vegetative propagated species
that went through domestication that created a bottle-
neck in the effective population size (e.g., Simko 2004
and the citations herein), was subject of artificial se-
lection at a number of production- and resistance-
related genes, and shows a high level of coancestry
among modern cultivars (Love 1999) that are separated
by only a few meiotic generations (Gebhardt et al. 2004).

All of these factors slow the decay of LD and indi-
cate that LD extent in cultivated S. tuberosum should
generally be longer than in outcrossing wild potato spe-
cies. Conversely, some of the wild potatoes are predomi-
nantly selfing species (e.g., diploid S. verrucosum and
tetraploid S. fendleri) with a low level of diversity
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(Bamberg anddelRio 2004), and thus the extent of LD
in these species might be relatively long. Another factor
affecting LD extent in cultivated potato is its autotetra-
ploid nature that may allow accumulation of recessive
mutations at a higher rate. High mutation rate generally
decreases LD, but LD around newly created mutated
alleles remains high until dissipated by recombination
(Rafalski and Morgante 2004).

Conclusions: Our assessment of genomewide LD
used 66 DNA fragments from both coding and non-
coding regions that were distributed across the potato
genome. Analysis of these fragments indicates relatively
high nucleotide variation in potato as compared to
other plant species. Initial data relating to the decay of
LD suggest that LD in potato is less extensive than that
in selfing Arabidopsis or soybean, but longer than that
in outcrossing maize or aspen. Assuming only the
biallelic nucleotide substitutions with equal frequency
of distribution and �100 alleles per locus, a statistical
significance of the observed allelic association between
two polymorphic loci can be detected (by Fisher’s exact
test) if r2 . 0.13. A value this high (on the average) was
still seen at the distance of 1–5 cM (r2 ¼ 0.142, Figure
2B), indicating that the association test can be possibly
used at a relatively long distance. Yet, this estimate of LD
extent is based on pooled data only and differences
among genomic regions could be substantial, as illus-
trated by the range of r2 values (0.32–0.95) at the dis-
tance of #100 bp (LD100, Figure 1D). Therefore it is
essential to analyze additional genomic regions and
populations, representing the high variability observed
in potato. Populations of selfing potato species might
have a long LD and be good candidates for genomewide
association mapping, while populations of outcrossing
species will likely show a short LD and be suited more for
high-resolution mapping. A set of populations with a
range of LD will be a vital tool for gene mapping in
potato with the association mapping approach.
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